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Ahstract
The deleterions consequences of hydrogen on an engineering structuro
come about through an influence on cither the erack initiation or the slow

crack growth stage of fracture, Whether or not these two stages of frac-

turc are affected by hydrogen will depend on a number of primary and
secondary influences which severely complicate the embrittlement process.
In this review we present 2 somewhat phenomonological overview of the
hydrogen embrittlement process, both internal as well as external, in an
effort to make more clear the type of parameters which must be consid-
ered in the selection of a test method and test procedure such that the

resulting data may be meaningfully applied to real engineering structures,

We consider what are believed to be the three primary influences on the

embrittlement process: (1) the original location and form of the hydrogen,
(2) the transport reactions involved in the transport of hydrogen from its : 1
origin to some point where it can interact with the metal to cause em-

brittlement, and (3) the embrittlement interaction itself. Additionally,

a few of the large number of secondary influences on the embrittlement
process are discussed, for example, the influence of impurity species in
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the environment, surface hydride films, and surface oxide films, Finally,
speeifie test procedures ure diseussed in order to further elueidate the param-
cters which must be considered in the development of a standardized test

method,

Key Words: Internal hydrogen, Extornal hydrogen, Itydrogen transport, Tracture.

INTRODUCTION

The capacity of an engincering structure to withstand an applied load is
often severely degraded by the presence of hydrogen originating from its cqui-
librium position within the metal lattice, from a gascous hydrogen environment
in contact with the structure, or as the product of a heterogencous reaction
hetween a hydrogen-containing molecule and the metal surface. The oldest and
most extensively studied form of hydrogen embrittlement is that due to hydrogen
within the metal lattice. 1-5 Hydrogen can enter a metal during production proc-
esses, such as pickling and electrolytic plating operations, where the hydrogen
concentration at the metal surface can be very large. 6 The most recent form
of hydrogen embrittlement to be recognized results from the direct exposure of
a clean metal surface during deformation to a gaseous hydrogen environment.
This form of embrittlement was first studied in detail in 19617 and has since
been regarded with increasing concern. Because of the usefulness of the hydrogen-
oxygen reaction as a fuel cell to produce electric current8 and as a source of
energy for propulsion, 9 this form of embrittlement will become more and more
important and may, in the future if not today, control one phase of our techno-
logical growth.

The deleterious consequences of hydrogen on an engineering structure come

1

about through an influence on its fracture behavior. 0 Under conditions of static

loading, fracture in an inert environment occurs in two stages — crack initiation
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and rapid, unstable crack growth,  An additional stage of fracture can be pres-
ent in a structure under conditions of cyelie loading or in the presence of an
active species such as hydrogen, ‘I'his gtage of fracture is termed the sub-
critical or glow crack growth stage and ocenrs following cvieck initintion but
prior to rapid fracturce, Under cyclie loading thig stage of fracture 18 the
result of the mechanical action of opening and cloaing the crack, When hydro-
gen ia present, cither internally or externally, this stage of fracture occurs
hecauge hydrogen embrittlement is o time-dependent, process — time-dependent
hecause time is required to tramaport hydrogen from its originad localion and
form to some point on or within the metal where hydrogen eon intevnet with the
metal lattice, H

The interaction between hydrogon and the metal may resuli in the forma-
tion of a solid solution of hydrogen in the metal, sccond-phase hydride preeipi-
tates, molecular hydrogen within the metal lattice, products of the reaction
between hydrogen and impurities, and others. From the numerous studies
conducted on hvdrogen embrittlement, the phenomenon can be classified into
two distinet types according to its strain rate dependence. The first type of
embrittlement is aggravated by increasing strain rate, while embrittlement of
the second type decreases with an increase in strain rate. From an engineer-
ing standpoint, both forms of embrittlement are important. The first type is
due to the presence of a product of 2 completed reaction within the metal
lattice and involves fracture theory as related to the crack initiation and
crack growth processes within the second-phase precipitate and through the
metal lattice. In the second type, a kinetically controlled reaction occurs
concurrently with embrittlement and, in fact, controls the degree of observed
embrittlement. This form of embrittlement must then involve reaction kinetics
as related to the transport of hydrogen or its interaction with the metal lattice,
or both, as well as the mechanics of the fracture process itsclf. Additionally,
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the second type of embrittlement, unlike the first, need not Involve a second
phase reaction product,

In general, hydrogen embrittlement i8 a very complex phenomenon and
many times can bhe further complicated by what can appear to be unimportant
gecondary considerations, It is the purpose of this paper to present a some-
what phenomonological averview of the processes of hydrogen embrittlement,
hoth internal as well as external, in order to make more clear the type of
parameters which must he consldered in the seloction of a test method and
test procedure such that the resulting datn may be menningfully applicd to real
engincering struetures, We will discuss what T helleve to he the three common,
primary influences on the embrittlement process, that is: (1) the original
location and form of the hydrogen, (2) the transport reactions involvad in the
transport of hydrogen from its origin to some point where 1t can interact with
the metal lattice to cause embrittlement, and (3) the embrittlement interaction
itself, The implications of each and the potential influence of secondary consid-
crations on each will be considered in some detail in an effort to elucidate the
parameters which must be considered in the development of a standardized

test method,

THE ORIGIN OF HYDROGEN

After an engineering structure is processed, assembled, and in use,
hydrogen can be present either externally (in contact with the metal structure)
or internally (within the metal lattice). When it is present externally, hydrogen
can exist as a molecule, as a dissociated molecule or atom, or as a component
of a complex molecule such as hydrogen sulfide, water, or methanol, Inter-
nally, its form may be as an atom or screened proton within the metal lattice,
as a molecule precipitated at a lattice defect, or as a precipitated metal
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hydride phase, The original location and form of hydrogen are of primary
importance in that they ectablish the starting point and thus, the complexity of
the overall trunsport proccess involved in embrittlement. T'or an example, if

we are dealing with a metal that readily forms hydrides, such ns alpha-titanium,
and hydrogen is originaily present in the form of massive hydrides within the
metal luttice, the metal may be brittle because of the hydrides and additional
hydrogen transport 18 not required, This type of embrittlement ia termed
1aat-atrain-rate embrittlement, as previously discussed,

In this example it 18 the original loeation und form of the hydrogen within
the metlal structure that 18 the cause of embrittlement, 1, however, hydrogen
18 originally present in solution within the metal Iattice, hydrogen must ha
transported throngh the metal lattice under an activity gradient by lattice dif-

fusion to a location where a sufficient concentration is developed to form a

hydride and embrittie the metal, This process is time-dependent because
hydrogen transport is involved, Likewise, if hydrogen is originally present in
the external environment, hydrogen transport will also be involved; however,
the overall hydrogen transport reactions will be much more complex.

In the design of a standardized test method, it is imperative that the origi-

nal location and form of hydrogen simulates that which will exist in or around
the engineering structure. If tests are being conducted to qualify a plating

procedure or to determine the hydrogen pickup in an engineering structure

which potentially could be embrittled by the presence of hydrogen, tests are *

conducted on coupons processed along with the structure made of identical

S - -

material to that of the structure or of materiul known to be more susceptible
to embrittlement. If tests are being conducted to establish the influence of a

working environment on an engineering structure, it is equally important that

the form and contaminant level in the envircnment, the condition of the metal
surface, and other such variables be duplicated in the greatest detail,
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THIE TRANSPOR'T O HYDROGEN

I hydrogen is obscrved to influence the fracture hehavior of a structure,
hydrogen must have been at somae eritical location hefore the metal was stressed
or have heen transported to this loeation during deformation,  As previously
discussed, an example of the former is the emhrittlement of a metal hy the
presence of massive precipitates in the metal lattice; examples of the latter are
forms of embrittlement identified hy an inverse strain rate dependence,  ‘T'hia
Inverse strain rate dependence 18 o resalt of an overall kinetic reaetion involverd
in the transport of hydrogen from its equilibrinm or quasicquilibrium position in
the system to some eritical loeation where it ean Influence fracture,  'he rate
in which o metal becomes embrittled, then, will depend on the reaction Kineties
of the overall transport reaction,

The overall transport reaction involved in the embrittlemoent process will
he very differvent, depending on whether hydrogen originates in the environment
surrounding the metal or is present within the metal lattice.  When hydrogen
originates in the metal lattice, lattice diffusion will be the primary transport
reaction;12 however, other reactions such as phase formation, dissolution
onto an internal surface (of a void perhaps), and desorption into the void cavity
may also be involved, depending on where and how hydrogen influences fracture,
Even though these transport processes are relatively simple, they can still be
influenced by a number of secondary considerations, For example, alloy
microstructure and grain size can have a significant influence on hydrogen
diffusivity. 13 Additionally, the presence of plane strain as contrasted to plane
stress or the existence of a notch can have a significant influence on the activ-
ity gradient for lattice diffusion. 14

When hydrogen originates in the environment, the overall transport reac-
tion will be much more complex, reflecting the form of the species in the
environment, the purity of the environment, and the nature of the metal surface.

6
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IFor the simple cnse of embrittlement caused hy a verv high purity gascous
hydrogen environment. where the interaction influencing fracture occurs well
within the metal and does not involve a phasge precipitation, the elemontary
reactions may he as shown schematieally in IMig, 1 and are:

1, Gas-phase diffugion of molecular hydrogen to the crack surfnce

U l<1 P (1)
where
l{]‘ rate constant,
" molecular hydrogen prossure,
9

2, Molecular hydrogen strikes the metal surface, digsocintes, and is

adsorhed as ntoms

1/2
kzl‘/ (1-0) (2)

[ &~

where

0 - hydrogen surince coverage,
3. An adsorbed atom migrates across the metal surface and chemisorbs
k, grad v 3
3 g Arad u 3)

where

grad u = gradicnt in surface hydrogen concentration,

4. An adsorbed atom passes into the metal !
%
r, = kofl- @)l (4) i
where
u = hydrogen concentration just inside the metal surface,
ug, = saturation concentration of hydrogen in the metal.
7
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O, A hydrogen atom near the metal susface diffuges to the ervitical loceation

1o canse embriitlement

Ty Dim - ul)/,Q] (h)
wherce
D diffusion coefficient,
112 hydrogen concentration at the eritionl location ¢ distance from the

metal surface,

The overall transport resnction will ho the sum of the individual renction
and enn involve renctions ocenrring in opposite direetions, congecualively, md
In parallel, 1

The exactl form of the overall transpost reaction will he very complex,
reflecting the orviginal Toeation and form of the hydrogen, the pressure and
temperature of the test, as well as secondary considerations such ns impuritics
pregent in the environmoent,  For example, hydrogen-induced slow erack growth
of hardened AISI-SATC 4180 steel in high purity molecular hydrogen has been

observed to exhibit the temperature dependenee shown by the dashed eurve in

\ 15
vig. 2 and obeys the equation:

. c, v p1/2 exp [-Al/RT]  pV/2 exp (-E_/RT)
R = (‘.1 = Ci7% (©)
C,3 FCy PT T exp [-AIL/RTI
where i

("'1’ C2 and C3 = constants, ‘ |
P = molecular hydrogen pressure,
T = absolute temperature,
(~All) = heat of adsorption,
B - energy for surface migration of hydrogen on steel,

we
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When ncomie hydropen is present in the enviroument, the lemperaure
dependence obeys o simple exponential relation and erack growth rate 18 in-
ereised orders of magnitude as shown by the solid curve In Mg, 2, 16 The
Interpretation of these observations is that the process involved in the dissoci-
ation of the molecuale on the steel surfuee 18 the slowest transport process and
controls ¢rack growth in molecular hydrogen. ™ atomic hydrogen the dissoci-
ation renction is no longer required in the overall transport process, the trans-
port of hydrogen is more vapid, and the rate of slow crack growth 18 inereased,

The tmportinec of tramsport. renctionts to embrittlement, partioniarly
external hydrogen embrittloment, enmnot he overemphasized, T any one of the
renction steps s hinderved or ellminated, the steuetare will he legs suseoptihle
to embrittlement and, In fnet, may not exhihit embeltttement al all,  The
influence of hydrogen presgsure md fest temperatnre on embrittlement, cones
about, primarily through their fnvolvement in the oversll transport process,

In general, there 18 no real difference hetween high pressure hydrogen
(!mbrlttl(‘.nwl_ntl7 and low pressure hydrogen umbritt:].ummltl8 exeept thad the
higher is the hydrogen pressure, the more rapid will he the rate of hydrogen
transport, 11

Sceondary influences ai1e of extreme importance to external hvdrogen
embrittlement in that they can have significant cffects on the reaction steps
involved in transport. For example, contaminante in the external environment
such as small amounts of oxygen19 can slow down or can =ven eliminate the
adsorption rcaction (Eq (2)). The presence of oxide films un the metal surface
many times will not permit the dissociation of molecular hydrogen20 (kg (2)).
Hydride films present on metal surfaces can slow down hydrogen entry into the
metal latt1c021‘ (Eq (3)). Because there are so many required transpnrt steps,
each of which is eapable of being influenced by so many secondary considerations,
it is somewhat amazing tnat environmental hydrogen embrittlement is ever

9
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observed,  Likewlse, it in easily inderstood how seloctive cimbrittlonent aeeurs
i seemingly compatible systens alfer yours of successil operalion,  Far

DY

y
example, the classie gascons hydropen steel storage tank fulires of (he TH6G08,
ah 24 . S
the N‘)”l and methanol™ enmbreittiement of titaninm . and the hydiriazine em-
2 o
bhritilement. of stainless sfocd, I cach of these examples embrittlement
ocarred hecanse of what was orviginally thought to he unimportant, secondary
changes made 1o the originally compatible syston,
soms metals aueh as alumiamm, copper, and others do not adsorh moteen.-
26
Ty hydropen at voom tenperature™ and i hydregon cannofl be transportod fo
the metal Tattice. Under navimn) conditions, these metals and some of 1heir

allove wonld never he expectod to exhibile envivonmental hychrogen cmbrittloment,

Thiz s not (o say that eovivommental hydveopen cmbeitement may not some day

he ohserved in these systemas, Preesently we cannol he assured that these Ry s

fems, oo, will nof he embritiled i g cittalytie adsorption reaction develops

From some unforescen cirenmestance and peemils hydrogen teanspor,
T TYDROGEN EMBRETTUIMENT INTERACTION

A number of theorices have heen proposed to deseribed the potential inter-
aetion of hydrogen with metals, 1 general, they [all into one or more of the

. . . . , 27-30 . . . 31-33
following categories: pressure formation, U surface interaction,

. . 34-36 |, , . 37~ . ’
lattice decohesion, 36 disloeation interaction, yr-l and hydride precipita- ’

,'l)_'_ 1
tion. 42-43

lach category has o strong experimental base and the occurrence i
of cach really eannot be denied under some specilie set of conditions.  Which
of these interaetion meehanisms results in the embrittlement of 4 strueture
depends on the conditions which exist in that structure,
Under some condition or another, hydrogen has been observed to influence
the fraeture behavior of all metals investigated to date.  In o few metals,

10




however, these effects are seen only when the laftice contains i supe rsaturiatod
concentration of hydrogen with respeet to the Inttice equilibrinm solubility or
terminal solubility,  Under this condition, hydrvide-forming moetals such as
Ltitaminm,  zirconinm, and vanadium will precipitate a hrittle hydride phaso;
metals such as iron, copper, and aluminum will precipitate molecular hydro-
gen; while metals such as nickel, magnesium, and palladium ean precipitate
cither molecular hydrogen or a hydride phase depending on the degree of super-

saturation, A7, 1116

If second phase precipifation is extensive, oll metnls ean
fail, even without an applied Toad heeause of pressure buildup of molecular
, ‘ . 10 .
hyvdrogen at internal defeets”  or the stresses developed around (he less dense
a7
hydhride precipitate,

Precipitation of a hydrogen-rich second phase in metals need not he assoe-
inted only with precipitation from o supersaturated bulk lattice. It ean also
occur as the result of a localized supersaturation.  ‘The conditions for localizod
preeipitation are: (1) if a localized saturation originally exists, transport with-
in the metal lattice must be sufficiently slow to maintain the localized saturation
during precipitation; or (2) if saturation is not originally present, transport
must be sufficiently rapid to develop this saturation. An example of the former
is the formation of titanium hydride on the surface of alpha-titanium when

47 . . R .
exposed to a gascous hydrogen, ~ and of the latter, is the formation of hydride
at the alpha-beta titanium boundaries by rapid transport of hydrogen in the non-
: I 48-50
hydride-forming beta-titanium phasec,

Second-phase precipitation is a sufficicnt but not a necessary condition for
the occurrence of hydrogen embrittlement, Embrittlement is observed in many
metals under conditions where a supersaturation probably could not exist.

Most notably is, of course, the failure of many metals in a low pressure gas-
cous hydrogen environment,  Under these conditions, appliced load acts to
concentrate the hydvogen at arcas of lattice distortion; for example, at arcas

11
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of trinxial stress ahead of a erack tip or at a grain houndary, Hydrogen in
these arcas may deleteriously affect lattice cohesion to the extent that erack
nucleation and propagation are possible,  For steel in a hydrogen environment,
the hydrogen-lattice interaction appears to oceur on or just below the erack

,.
ti})l 5,16

and can he considered the limiting case of lattice decohesion, that is,
surface decohesion, Fmbrittlement as the result of a hydrogen-lattice inter-
action, unlike emhrittlement hy sccond-phase precipitation, is always associated
with a hrittle mode of failure; whether this mode is transgranular or intergranu-

lar apparently depends on the site of erack initintion and the relative strength of

the grain houndarics,

The contribution of the hydrogen-disloeation interaction to the embritile-
ment of metals appears, In most cases, to he of secondary importance; how-
ever, under the right conditions, this mechanism could conceivably play an

important role, 40 Hydrogen can combine with dislocations and influence their
51, 62 56,57

KRG
?2 and nickel.

motion in iron, molybdenum, 53 vanadium, 54 columbhium,
The rate of hydrogen transport within the lattice can be increased by its associ-
ation with dislocation movement, 41 In general, however, these effects require
large hydrogen concentrations. Such hydrogen concentrations are not normally
obtainable, say from a gaseous hydrogen environment at room temperature.
Additionally, the effects of fatigue crack growth and gaseous hydrogen-induced

crack growth in titanium uppear to be independent processes; the former, of

course, associated with deformation (dislocation motion), thus eliminating any

significant contribution of dislocation motion to the latter. 58
From the atove discussion it should be obvious that the hydrogen-metal

embrittlement intercction is a specific interaction depending on many secondary

influences. if conditions are not correct for a precipitation-type interaction,

they may be correct for a decohesion or a dislocation interaction. The relative
importance of each depends on the original location and form of the hydrogen,

12
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the transport reactions, as well as the stage of fractore most fmportant to the

failure of the particular structare,
TESTING FOR HYDROGEN EMBRITT'TLIEMENT

The deleterious effects of hydrogen on the failure of an engincering stime-
ture comes about througl ite lnflacnce on either the erack inftintion stage or
the suberitionl, slaw crack growth stage of fracture,  Most engineering strue-
tares coninin preexisiing eracks heeause of varions processing procedures so
the cenel itistion stage of fencture is of Hitle or no importance fo the failure
procesd, This nay not he the ease, however, for some structures ana more
importantly for many test speeimen configunriations sueh as the tensile Iml‘I7

H9H
and rupture dise, "7 particularely when evaluating environmental hydrogen em-
brittlement,  Tn these, the erack initiation stage can dominate the failure
procoess,

When hydrogen is originally present within a strueture. the erack initiation
stage of fracture can be readily influenced. All engincering metals contain
internal defects which can act as internal surfaces for molecular hydrogen
precipitation or contain locally strained regions which can induce hydride pre-
cipitation. These areas are sites for crack initiation, The propensity of a
metal to "precipitate' a crack is dependent on the degree of hydrogen satura-
tion, or in other words, the amount of hydrogen and the distance hydrogen must
be transported to the site of nucleation. If the level of hydrogen is high and
the metal lattice is supersaturated, crack initiation will be virtually spontane-
ous;GO if it is low, however, crack initiation will be time-dependent with its
rate controlled by the rate of hydrogen transport. 61 When hydrogen is present
in the environment, the influence of hydrogen or this stage of fracture hecomes
more random and is dependent on the development of a surface site for erack

13
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nucleation where the environment. can interact.  In metals which do not form
hydrides, crack initiation is more or less random hecause of the prohability of
an initiation site occuring on the metal surface, 1 whereas in hydride~forming
metals, such as aipha-titanium, crack initiation 18 more predictable hecause wo
surface hydride can form in which erack initiation can more easily occur, =
The suberitical crack growth stage of fracture oceurs at values of stress
intensity below some critical value for rapid fracture, In a very simple man-
ner, erack growth will occur in a engineering structure at some level of applied
stress when the applicahble criteria are met, such as that proposcd by Griffith
for brittle materials, b2 Crack growth will occur at a lower applied stress,
however, if hydrogen cin influenee the variables in the eriteria in such a way
as to reduce the stress intensity value determined by the eriteria.  If the in.-
fluences of hydrogen on variables in the criteria were instantaneous and if
hydrogen were originally present within the structure at sufficiently high con-
centrations and was homogeneous throughout, the new value of stress intensity
would be the critical value, and unstable crack growth would immediately result.
However, the influence of hydrogen is localized at or near the tip of a nucleated
or existing crack and continued crack growth is dependent on the rate of hydro-
gen transport to this localized area. These conditions are easily understood
for hydrogen-induced crack growth by the interaction with a erack propagating

from a surface; however, the same conditions apply to the propagation of a

crack from an internal surface (void) as the result of the interaction of hydro-
gen within the void. Under the latter condition the additional force applied to
the crack tip by the hydrogen pressure within the void must be considered. 10 i

Other mechanical factors which influence hydrogen-induced crack growth

include mode of loading, state of triaxial stress about the crack tip, amount

and form of plastic deformation associated with the crack tip, etc.

14
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As we have scen, e process of hydrogen coabrittlement enn he i very
camplicated phenomenon,  Figure 3 is a monfage mo nt to hetter illustrate
this point, Underlined in this figure are what 1 conside v to be the primary
steps in the embrifttlement process and include origin of the hydrogen, trans-
port of the hydrogen, and the interaction proeesses of hydride formation,
lattice deechesion, disloeation interaction, and pressure formation, Also
shown nre a foew of the secondary considerations which can influence one or
more of the primary steps; these inelude impurity species in the environment,
surfuee hydride films, surface oxide films, plastie blunting of the erack tip.
and the Tovel of stress trinxiality.  Let us next consider specifie Lest proce-

dures in order to further ilusteate the parameters which must he understood

in the design of a standardized specimen and test procedure, il their results

are to have meaning when applicd to an engineering strueture,

Internal Ilydrogen Embrittlement

Probably the most usual cause of hydrogen within an engincering structure
is a production process such as pickling or cleetroplating, Hydrogen pickup is
the result of a high hydrogen fugacity developed during processing and is depea-
dent on process-variables of bath composition, current, time, temperature,

ete, When a potentially susceptible structure is processed, it is imperative

that the deprading effecet of the process be established in order to ensure the i

integrity of the structure. This is done either by qualifying the process with

iy o~

the use of test coupons or by processing test coupons along with the structure,

or both, All process variables must be duplicated on the test coupons, includ-

ing such variables as material, surface condition, potential susceptihility, etec.
I‘'ollowing processing, the coupons arc tested to establish any degrading influ-
ences of hydrogen pickup during processing.

15
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In the selection of coupon design and test method, consideration must he
given to (1) the original location and form of the hydrogen picked up during
processing, (2) the transport of the hydrogen from its original location to the
tite where it ecan interact with the metal to cause a degrading ¢ffect, and (8)
the interaction process itself, Design parameters which can affect these vari-
ables include prescnce, location, and severity of a stress concentrator and
level and form of loading, A test coupon should contain a stress concentrator
such as a notch as near to the original location of hydrogen as possible to
shorten the required transport path, as scvere as possible to Incerense the rate
of hydrogen tranaport hy stress enhanced diffusion, and at the point of maxi-

mum tensile load to concencrate the hydrogen-metal interaction at the point of

maximum stress, The coupon should he statically loaded to some level for

some period of time reflecting the use condition of the engincering structure to
permit the transport of hydrogen from its origin to the point where it can inter-
act with the metal lattice to cause embrittlement. A number of current coupon

designs fit these considerations. 63-65

Which one of these is optimum for the
particular production process will depend on the particular metal tested as well

as the suspected iocation and form of hydrogen within that metal.

External Hydrogen Embrittlement

Hydrogen in an external environment can degrade the properties of an
engineering structure by interacting with the structure while it is being loaded
or is under load. This form of embrittlement is much more complicated than

internal hydrogen embrittlement because of the variety of external species

which can supply hydrogen to the structure (molecular hydrogen, dissociated
or ionized hydrogen, complex hydrogen containing gases such as hydrogen
sulfide, and complex hydrogen containing liquids such as water and organics)

16




and heeause of the large number of reaction steps requived fo transport the
hydrogen from its eqguilibrium form in the environment to the metal Inttice,
Small amounts of contaminants can have a lavge influence on the transport
process and thus on the potential embrittling efleet of the particulnr environ-
ment,  TFor example, small amounts of oxygen can eliminate the degrading

" . 18
effeet of o hydrogen environment in some systems wherens small amounts
of earbon dioxide in a hydrazine environment ean induce severe emhrittlement
in a normally passive system, When testing for the potential embrittling
offoots of an environment, it is of extreme importance that eithey the inflnences
of all spocies in the environment he understood or the envivonment be exincetly

duplicated,

Although hoth the initintion and growth stages of feacture can he influenced
hy hydrogen, in general the greatest influencee will he on the erack growth stage
of fracture. When testing for external hydrogen embrittlement. it is impera-
tive that the relative influence of the initiation and growth stages of [racture
in the failure of a structure be understood such that the selected gpecimen
design will yield data which can be meaningfully applied to the engincering
structure.

Test specimen configurations which do not contain a preexisting crack (the
smooth and notched tensile bar, the smooth and notched bend bar, and the
rupture disc) must involve the crack initiation stage in the fracture process.

The extent of involvement will be dependent on specimen configuration and

methed of loading as well as on the sensitivity of this stage to the influence of
hydrogen. If crack initiation occurs carly in the deformation process, say

hecause of its sensitivity to hydrogen, the crack growth stage may be the )

primary stage governing failure. However, if the material tested is extremely

s - : : , 11
poteh sensitive, lailure may occur immediately upon the initiation of a crack,

In general, it is difficult if not impossible to separate the initiation stage and

17
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the erack growth stage in specimen configurations which do not contain pre-
existing eracks and thus data obtained from these types of specimens 2an only
be applied to engineering structures with reservation, These problems are

not always climinated by the use of precracked specimens,  IFven in these

types of specimens, the erack initiation stage may contribuie to the failure
process if the precrack is not sharp but is blunted by plastic deformation or
if the preerack surface is contaminated,

The influence of hydrogen on the suberitical crack growth stage of fracture
can be determined precisely In high strength materials by the use of the correct
specimen design and tost method,  Specimen design should, whenever posgible,

conform to the guidelinea put forth by AST'M for pilane strain fracture toughness

testing, Precracks should be introduced in the specimen by eyelic loading or
other methods at stress intensity values below those expected to be required
for hydrogen-induced, slow crack growth, Additionally, if precracking is done
in air, the oxide film normally formed at the crack tip must be ruptured in the
test environment before hydrogen-induced, slow crack growth will be obsecrved.
One of the many acceptable test techniques applicable to high strergth materials
will be outlined below. 49
The following test procedure is presented to illustrate one of many accept-

able techniques used to determine the rate of hydrogen-induced, slow crack

growth in high strength materials. Specimens are wedge-opening-loaded,
66

double-cantilever-beam (DCB) type originally discussed by Mostovoy, — Fig. 4.
The side grooves are added to ensure that the crack will propagate in a direc- }
tion normal to the applied stress. This fracture mechanics-type specimen has

several features that are extremely useful when investigating hydrogen-induced

cracking. For any fixed crack-opening displacement (COD), the stress-intensity
level decreases as the crack grows, thus permitting a high degree of control of

crack growth, Crack-growth rates can be easily determined by either optical-
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measurement muthods(w or hy measurement of comphiance changes, Y The
specimen i8 also eagy to precrack hy cither fatigne or overload procedures,
Tests can be conducted in nny test chamber that can he evacuated and then
backfilled with hydrogen., The chamber should always he evacuated prior to
backfilling with hydrogen to ensure that the total concentration of hackground
gases will be lower than the concentration of active impurities in the test en-
vironment. Prior to testing, cach specimon is preeracked hy fatigning in the
hydrogen environment, Ry this method, the originnl machined notches are
extended nnd sharpencd,  After the desired environmental conditions (fempoera~
tare, pressure, cofte,) have been established, the specimoen is rapidly loaded 1o
a preselected COD vilue and hold at that value while the corresponding load is
continuourly measured, As the eranck grows, the continuously mensuraed load
(stress intensity) will decerease at a rate which is related to the erack-growth
rate.  Irigurce 5 shows typical results of tests conducted using the above pro-
cedure, 49 In this figure the rate of hydrogen-~-induced, slow crack growth is
shown as a function of stress intensity, K, at a hydrogen pressure of 0.9 atm,
and at five different temperatures, This data can now be applied to an engineer-

ing structure to estimate the life of that structure, 68,69

SUMMARY

Hydrogen embrittlement has been shown to be a complex process which is
many times further complicated by what could be termed secondary influences.
Embrittlement, whether caused by internal or external hydrogen, involves
three primary influences: (1) the original location and form of the hydrogen,
(2) the transport reactions involved in the transport of hydrogen from its origin
to some point where it can interact with the metal to cause embrittlement, and
(3) the embrittlement interaction itself, Of these, probably the most important

19
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i8 the hydrogen trunsport process — it is this process which conirols the rate
of hydrogen arrival at some ceritieal location on or within the metal and thus
controls the rate or severity of embrittlomaent in the structure, Iurther, if
any once of the reaction steps involved in the trensport process 18 hindered or
oliminated, the atructure will be less susceptible to embrittlement and, in fant,
may not exhibit embrittlement at all,  Besides these primary influences, a
large number of secondary influences ean be involved in embrittlement through
thelr effect on the primary factors, Some secondary influences are impurities

in the environment or within the metal, surfuce filma of hydride or oxide, and

state of stress trinxlallty within the specimon or gtracture,  The nhove digsens-

slong are Iintended to elarify the type of pnramoters which imust bhe consldered

in the selection of a test mothod nd test procedure suceh that the resulting data

may he meaningfully applicd to real engineering structures,
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FIGURE TITLES

Fig. 1 — Schematic of possible elementary transport reactions involved in
external hydrogen embrittlement,

Fig. 2 — Temperature dependence of slow crack growth in atomic-molecular
hydrogen compared with that predicted for a molcecular hydrogen

environment at the same pressure, 15,16

Fig. 3 — Montage of primary and some secondary effeets involved in the
embrittlement of a metal hy hydrogen,

(¢

Mg, 4 — Double~cantilever-heam (DCB) specimen, L

Tig. 6 — Experimentally determined relationship between hydrogen-induced

crack growth and applicd stress intensity in Ti-HAl-2, 58n, 49
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